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In this work, by comprehensive density functional theory (DFT) calculations, we report the discovery of the four previously unknown phases of the GeSe monolayer in addition to layered α-GeSe: β-GeSe, γ-GeSe, δ-GeSe, and ε-GeSe. The five polymorphs of GeSe exhibit versatile energy band gaps, which are very significant for broadband optoelectronic and photonic applications. In particular, β-GeSe is an indirect band-gap semiconductor with a band gap of 3.01 eV calculated using the HSE06 exchange-correlation functional. From the band edge alignment, the conduction band minimum (CBM) and valence band maximum (VBM) energies of β-GeSe are −2.54 and −5.55 eV, respectively, which indicates that it is a promising material
INTRODUCTION
Two-dimensional (2D) materials have gained increasing attention since graphene, the monolayer counterpart of graphite, was isolated by mechanical exfoliation [1] . Thereafter, interest expanded to other 2D materials, such as silicene, hexagonal boron nitride, molybdenum disulphide, phosphorene, arsenene and antimonene [2−8] . Among the 2D materials, chalcogenide nanostructures with layered structures of group IV elements (GeS, GeSe, SnS, SnSe, etc.) have attracted considerable attention because of their exceptional properties and promising applications [9−15] . Bulk Ge-based chalcogenides, such as GeSe, have been extensively studied owing to their unique optical and electronic properties, as well as their high stability, abundance, environmental friendliness, and low toxicity [16−19] . However, a comprehensive study of the stability and properties of single-layered GeSe is still missing.
The polymorphs of 2D monolayers have received significant attention, such as the polymorphs of P, As, and Sb monolayers [20−24] . α-SiS has been proposed as an isoelec-
COMPUTATIONAL METHODS
All of the calculations, including geometry relaxation, energy calculations, and phonon calculations, were performed using the Cambridge Sequential Total Energy Package (CASTEP) with a norm-conserving pseudo-potential [27] . The exchange-correlation functional was treated using the generalized gradient approximation with the Perdew-Wang exchange-correlation functional (PW91) [28, 29] . Periodic boundary conditions were used to simulate an infinite GeSe monolayer. A sufficiently large vacuum region of 20 Å was used to separate the 2D structures to prevent any interaction between neighboring layers along the z axis. The structure was optimized by the Broyden-Fletcher-Goldfarb-Shanno (BFGS) method [30] . The basis set for the valence electronic states was set to 4s 2 4p 2 for Ge and 4s 2 4p 4 for Se. All of the structure models were fully relaxed until the forces were less than 0.01 eV Å −1
. The self-consistent convergence was set to 5 × 10 −6 eV per atom. A plane wave basis set with a cutoff energy of 440 eV was used. For Brillouin-zone sampling, we used the Monkhorst-Pack mesh with 13×13×3 k-points [31] . To overcome the problem of band-gap underestimation in the semi-local exchange-correlation functional, the band structures were evaluated using both the PW91 functional and the screened hybrid HSE06 functional, which typically gave a better description of band gaps in semiconductors [32] . To explain the difference of the band edge position in the five GeSe monolayer polymorphs, we first calculated the work functions (WFs). And then, by setting the vacuum energy as zero, the position of VBM can be located as the negative value of WF. The VBM and CBM of the five GeSe monolayer polymorphs with respect to the vacuum level can be calculated.
RESULTS AND DISCUSSION
The optimized geometric structures of the five different GeSe monolayers are shown in Fig. 1 . The results of the optimized geometric structures, such as lattice parameters and thickness of the GeSe monolayer, are summarized in Table 1 . The five polymorphs of the GeSe monolayer form honeycomb structures with two sublayers, where each atomic species is covalently bonded to three neighboring atoms of the other atomic species. The ridge structures of α-GeSe, γ-GeSe, δ-GeSe, and ε-GeSe are anisotropic, while β-GeSe has an isotropic structure. The equilibrium configuration of black-phosphorus-like α-GeSe has a puckered structure that forms zigzag chains along the y axis, where the individual layers are weakly coupled t o the adjacent layers by van der Waals forces [19] . For the orthorhombic α-GeSe monolayer structure, four atoms in the unit cell are [33] . The calculated bond lengths and bond angles of the five systems are summarized in Fig. S1 (Supplementary Information). The optimized geometric structure of β-GeSe is shown in Fig. 1b . 2D hexagonal β-GeSe has symmetric lattice vectors a = b = 3.63 Å. It has a buckled surface and maintains sp 3 character bonds, similar to what has been predicted for blue phosphorus (β-P). Two atoms in the unit cell are arranged in a diamond lattice. The thickness of β-GeSe is less than the thicknesses of the other polymorphs. γ-GeSe, δ-GeSe, and ε-GeSe have rectangular unit cells containing four, eight, and eight atoms, respectively.
To obtain insight into the thermodynamic stability of the five polymorphs of GeSe monolayer, we calculated the binding energies (see Fig. 2a ). We define the binding energy as E b = (nE Ge + nE Se − E (GeSe)n )/n where E Ge , E Se , and E (GeSe)n are the total energies of a single Ge atom, Se atom, and Ge n Se n monolayer, respectively. The binding energies of α-GeSe, β-GeSe, γ-GeSe, δ-GeSe, and ε-GeSe are 3.88, 3.85, 3.83, 3.87, and 3.78 eV, respectively, which is clear evidence that all five polymorphs of GeSe are strongly covalently bonded networks. Among the five 2D structures, α-GeSe is the most energetic form in these five polymorphs. The orthorhombic structure of bulk α-GeSe (space group Pcmn (D 1 2 6 h )) is stable under ambient conditions. Therefore, all of the five polymorphs of the GeSe monolayer can be considered to be stable structures because their binding energy differences are less than 0.1 eV. As a result, we believe that the β-GeSe, γ-GeSe, δ-GeSe, and ε-GeSe can also be formed and realized in experiments.
To further investigate the dynamical stabilities of the single-layer GeSe polymorphs, we then performed phonon dispersion calculations (see Figs 2b-f) along the high symmetric points in the Brillouin zone (Fig. S2) . Phonon calculations can give a criterion for crystal stability, where soft modes indicate structure instability [34] . There are no imaginary frequencies in the five systems, which means that they are highly kinetically stable. From detailed analy sis of the phonon spectra, the highest frequencies of the five systems are all above 220 cm −1 . To better understand the electronic properties, we calculated the band structures of the five GeSe polymorphs, as shown in Figs 3a-e. All of the five structures are semiconductors. For α-GeSe, β-GeSe, γ-GeSe, δ-GeSe, and ε-GeSe, the energy band gaps calculated using the PW91 (HSE06) functional are 1.23 (1.75), 2.32 (3.01), 1.71 (2.34), 1.75 (2.27), and 1.85 (2.47), respectively. Fig. 3a shows the band structures of α-GeSe obtained using the HSE06 hybrid functional (red curve) and PW91 (black curve) functional. The result for the HSE06 hybrid functional shows that α-GeSe is a semiconductor with a quasi-direct band gap. Close inspection of the two conduction band edges near Fermi level reveals a small deviation of less than 0.1 eV. The result using PW91 shows that α-GeSe is a direct band gap Neither the VBM nor the CBM of β-GeSe, γ-GeSe and δ-GeSe lies at the high-symmetry k points in the Brillouin zone. In ε-GeSe, the CBM and VBM occur along the Γ-Z direction and at the Y point, respectively. Moreover, as shown in Fig. 3 , the differences in energies between the two valence-band edges near Fermi level are very small for β-GeSe, γ-GeSe, δ-GeSe, and ε-GeSe (36, 84, 129, and 0 meV, respectively) compared with α-GeSe (>500 meV) using the HSE06 functional. For δ-GeSe, the top of the valence band is very flat, resulting in a heavy hole mass and a large density of states (DOS) in that region. For the design of devices, it is important to know the intrinsic band offsets between the five GeSe polymorphs. Fig.  S3 shows the band edge alignment of the GeSe polymorphs obtained using the HSE06 functional. The CBM and VBM energies of β-GeSe are −2.54 and −5.55 eV, respectively, indicating that a bias potential of 0.12 eV is sufficient for water splitting and compression strains can reduce the required bias potential [35] .
To understand the contribution of different orbitals to the electronic states, we calculated the total DOS and partial DOS (PDOS) for the five polymorphs, and the results are summarized in Fig. 4 . From detailed analysis of the PDOS of GeSe, the states near Fermi level have contributions from both s and p orbitals. However, the contributions from p orbitals to the total DOS are much greater than those from s orbitals. The fact that p orbitals are dominant is a common feature of single-layer honeycomb systems, such as silicene and phosphorene [20] . From detailed analysis of the PDOS of α-GeSe, the VBM is dominated by the 4p orbitals of the Se atoms. The CBM is dominated by the 4p orbitals of Ge atoms. For the β-GeSe monolayer, the main contribution to the VBM is from Se 4p states and partially from Ge 4p states, while the main contributions to the CBM are from Ge 4p states and partially from Se 4p states. Raman spectroscopy is a widely used experimental technique to identify the characteristic vibrational modes of materials. It is one of the most commonly used optical techniques for the characterization of 2D materials [36] . Several properties can be determined from analysis of the Raman spectra. For example, the shift in frequency of the Raman peaks has been successfully used to quantify (or identify) the number of layers of layered material s such as MoS 2 [37] . In this paper, to provide more information for possible experimental observations, we calculated the Raman spectra for the five GeSe polymorphs, as shown in Fig. 5a . From detailed analysis of the Raman spectra and the corresponding vibrational modes of α-GeSe (see in Fig.  5b ), which belongs to the C 2V point group, the Raman ac- 1 , atoms belonging to the same species vibrate along opposite directions. Our measurements reveal that the most prominent Raman peaks for β-GeSe, γ-GeSe, δ-GeSe, and ε-GeSe are located at 272.9, 229.4, 77.6, and 50.6 cm −1 , respectively. In addition, scanning tunneling microscopy images of the five polymorphs were simulated at +2.0 and −2.0 V bias to recognize the polymorphs in future experiments, as shown in Fig. S4 .
CONCLUSIONS
In summary, we have theoretically investigated the structural and electronic properties of GeSe monolayer polymorphs using DFT calculations. The thermodynamic stability is given by the binding energy, and the dynamical stability is determined by the phonon spectrum. To further assist in device design, we have calculated the band gaps of the polymorphs. Unlike graphene, which needs to be functionalized to open a band gap, GeSe possesses an intrinsic band gap and can be considered as a new type of 2D material for applications in optoelectronics and electronic devices.
